Exposing frog's toe muscles to Ringer's solution made hypertonic with 400mM urea for 60min followed by placing the muscles back in Ringer's(urea-removal treatment)completely blocks the twitch without disrupting the surface openings of the T-tubules.The urea-removal treatment also increased the triadic junction width.Placing the muscles in Ringer's with an elevated calcium concentration(5mM)following exposure to the hypertonic solution prevented the block of the twitch response but not the increase in the triadic junction width.Exposing untreated muscles to Ringer's with 5mM calcium either had no effect on the twitch or reduced it by 30% or less.These results suggest the possibility that increasing the width of the triadic junction decreases the amount of calcium ions reaching the terminal cisternae during an action potential thereby blocking the twitch.Elevating the calcium concentration in the T-tubules would increase the amount of calcium which enters the triadic junction during an action potential and thus antagonize the above effects.
hypertonic with urea instead of glycerol also resulted in a block of E-C coupling. However OOTA and NAGAI(1973) observed that this urea-removal treatment did not disrupt or otherwise block the openings of the T-tubules at the surface of the muscle fibres.They attributed the block in E-C coupling to an increased width of the triadic junction produced by the urea-removal treatment.
In the present study it was found that placing a skeletal muscle in Ringer's solution with an elevated calcium concentration(i.e.,5mM)immediately following the period in the hypertonic urea solution antagonized the block in E-C coupling ordinarily produced by the urea-removal treatment.The urea-removal treatment did increase the width of the triadic junction but the increase was not modified by placing the muscle in a solution with an elevated calcium concentration following the urea treatment. Measurements.The triad apparatus is oriented radially around the individual myofibrils and hence longitudinal sections of the muscle will yield one of the following views of the triad:
METHODS
a. When the triad is cut in cross section. The plane of section will be perpendicular to the long axis of the transverse tubule( Fig.1a ).
b. When the triad is cut tangentially.The plane of section runs parallel to the long axis of the transverse tubule( Fig.1c ).
c. Anywhere in between these two extremes ( Fig.1b ). membrane of the terminal cisternae(i.e.width of triadic junction+two times the width of the unit membrane)by means of vernier calipers.An estimate of the width of the triad junction was obtained by subtraction of 140 Angstrom(two times the width of the unit membrane)from the above measurements.From each photograph of a triad junction four measurements were made(two from each junctional face of the triad) and the mean of these four measurements was recorded.
Measurements
were made only at positions where the opposing membranes were running parallel and a satisfactory resolution of the membranes was obtained.
A total of ten micrographs of different triad structures was selected at random from each muscle and measured.The ten means were pooled to produce a mean which was considered to be representative of the population mean of the muscle in question. 
RESULTS
The effect of a hypertonic urea solution and its subsequent replacement with isotonic Ringer's solution(urea-removal)on the twitch tension of a toe muscle is shown in Fig.2 .The muscle was stimulated at constant intervals during the course of the experiment.Immediately upon immersion in the hypertonic urea solution there was a contracture response following which,after about 15min,a Effects of the urea-removal treatment on the tension produced by a toe muscle.
At U400,the muscle was placed in Ringer's with 400mm urea;at R1.08,the muscle was placed in Ringer's without urea;and at F,the muscle was placed in the fixative solution.
small twitch reappeared and gradually increased reaching maximum tension approximately 60-70 min following immersion in the urea containing solution. When the muscle was returned to isotonic Ringer's solution the twitch response was initially potentiated but then decreased in size and disappeared within 10 to 25min of urea-removal.Despite the loss of the twitch,urea-removed muscles were still able to respond mechanically to caffeine (FUJINO et al.,1972; OOTA and NAGAI,1973) .
The loss of the twitch was prevented when muscles,immersed in hypertonic urea for 60min,were placed in a 5mm calcium-Ringer solution.This is illustrated in Fig.3 for a single experiment conducted on the two toe muscles from a single In contrast to its effect on urea-removal treated muscles,increasing the calcium concentration to 5mm in the solution bathing untreated muscles either had no effect on the twitch or reduced it by 30% at most.
Measurements of the triadic junction width
The toe muscles from the right and left foot of each frog were unsystematically assigned as muscle 1 or muscle 2 of each pair.There was no significant difference between the triadic width measurements for the two muscles under the untreated condition (Table 1A ).
In the urea-removal experiments,both of the muscles in each pair were fixed simultaneously with gluteraldehyde buffer within a few seconds after the twitch response in muscle 1(1.08mm Ca++)had disappeared.The twitch tensions record- Fig.3 . Prevention of the urea-removal treatment block in excitation-contraction by elevation of the Ca++concentration.Two toe muscles from the same frog mounted in separate baths and tested simultaneously.At R1 .08(upper record),the muscle was placed in Ringer's with 1.08mm Ca++following a prior 60 min exposure the hypertonic urea containing solution;at R5(lower record),the muscle was placed in Ringer's with 5mm Ca++following urea treatment.In most other paired experiments,the muscles were fixed within one min after the twitch had disappeared in the muscle placed in Ringer's with 1.08mm Ca++. ed at this time for each muscle 2(5mm Ca++)are listed in Table 1B .Despite the difference on the twitch response produced by altering the Ca+ + concentration, there was no significant difference between the triadic widths in muscles 1 and 2. However,in conformation of the findings of OOTA and NAGAI(1973),a significant increase in the width of the triadic junction was produced by the urea-removal treatment. Intracellular microelectrode recordings Two types of electrophysiological measurements are often used to determine if the openings of the T-tubules at the surface of the muscle fibres remain intact: 1) the'Creep'in potential produced by large,prolonged hyperpolarizations,and 2) the`late negative after potential'which can be recorded following a high frequency burst of action potentials.The presence of either phenomenon is considered to indicate that the surface openings have not been sealed off.In the present study the late negative after potential was produced when using urearemoval treated muscles (Fig.5) .
When the T-tubular openings are sealed off by glycerol treatment the normal negative after potential which follows a single impulse also disappears (GAGE and EISENBERG,1967) .The negative after potential did not disappear in urea-removal NAGAI(1973) showing the penetration of ferritin particles into the T-tubules of urea-removal treated muscles.
DISCUSSION
Our present view of the events occurring during E-C coupling in vertebrate skeletal muscles may be summarized briefly as follows:Activation of the intracellular contractile proteins is produced by a sudden increase in the sarcoplasmic Ca++ion concentration.Most or all of this calcium comes from the sarcoplasmic reticulum(SR)where it is stored in the resting fibre (SANDOW,1965) . Depolarization of the'T-tubular'membrane is required to cause the release of calcium from.the SR (GAGE and EISENBERG,1967) .The mechanism by which doubt.Two alternative hypotheses have received the greatest experimental interest:1)that current flows from the T-tubules through the SR membranes causing calcium release and 2)that'trigger Ca++ions'are released into the triadic junction,diffuse to the SR membrane and act on the SR membrane to stimulate Ca++release (PODOLSKY,1975) .
The findings of EISENBERG and EISENBERG(1968) , GAGE and EISENBERG(1967) and HOWELL and JENDEN(1967) that glycerol-removed treatment sealed off the surface openings of the T-tubules and thereby blocked E-C coupling in frog's skeletal muscle,demonstrated that activity in the T-tubules is required for E-C coupling but does not help to determine the nature of that activity.The demonstration by OOTA and NAGAI(1973) that a urea-removal treatment blocked E-C coupling without sealing off the surface openings of the T-tubules provides a preparation for investigating the nature of the tubular activity required for E-C coupling.
In addition to confirming the findings of OOTA and NAGAI(1973) ,it was observed in the present study that placing a toe muscle in Ringer's solution with an elevated calcium concentration(5mM)following urea-removal treatment prevented the block of E-C coupling produced when using Ringer's with 1.08 mM calcium.However even with using the elevated calcium Ringer's the twitch amplitude was much smaller than in the control response obtained before exposure to urea( Fig.4 and Table 1B ).
The only structural change produced by the urea-removal treatment noted by OOTA and NAGAI(1973) was an increase in the width of the triadic junction region between the membrane of the T-tubule and the membrane of the terminal cisternae. Although they could not explain the mechanism for the E-C coupling block produced by urea-removal treatment,they did suggest that the increase in triadic junction width was somehow involved.The use of the 5 mM calcium Ringer's did not prevent nor reduce the increase in triadic junction width (Table 1B) . Thus the antagonism of the E-C coupling block by the use of a 5 mM calcium Ringer's was not due to an effect on the triadic junction width.
There is a measurable influx of Ca+ + ions with each action potential in frog twitch muscle fibres (BIANcHi and SHANES,1959) .Since the surface area of the T-tubules is several times greater than the outer cylindrical surface of the fibre barring evidence to the contrary,that most of the calcium enters the fibre through the walls of the T-tubules during an action potential.Ionic currents during an action potential are produced by an increase in the membrane permeability to specific ions resulting in an increased movement of the ions down their concentration gradient across the membrane (HODGKIN and HUXLEY,1952) .Thus in this way,increasing the extracellular Ca++concentration should increase the amount of calcium that enters the triadic junctional space with each action potential. Therefore one possible explanation of the results obtained in these experiments is as follows:The Ca++ions entering the triadic junction diffuse to and interact with the membrane of the terminal cisternae to cause the release of Ca++ions into the sarcoplasm.Increasing the width of the triadic junction would decrease the amount of calcium ions reaching the wall of the terminal cisternae due to the following factors:1)a decrease in the calcium concentration due to an increase in triadic junction volume;and 2)an increased diffusion of calcium out of the triadic junction due to an increase in the area of direct contact between triadic junction and the sarcoplasm.Increasing the amount of calcium entering with each action potential by increasing the calcium concentration in the T-tubules would compensate,at least in part,for the 2 factors causing a decrease in the amount of calcium ions reaching the walls of the terminal cisternae.Thus pro-vided that the increased width of the triadic junction is the cause of the block of E-C coupling in urea-removal treated fibres,the above mechanism would explain the antagonism of the block produced by raising the extracellular calcium concentration.
It would be more difficult to explain the present results on the basis of a current-coupling model for E-C coupling.According to this type of model the block in E-C coupling caused by urea-removal treatment might be due to a decrease in the current crossing the T-tubular walls,a decrease in the current reaching the terminal cisternae,a decrease in the sensitivity of the terminal cisternae to current flow,or some combination of these effects.However,in view of the well known membrane stabilization properties of elevated calcium concentrations (SHANES,1958; FRANKENHAUSER and HODGKIN,1957) ,one would expect that increasing the extracellular calcium concentration 5 fold should reduce the current to intensify the block rather than to antagonize the E-C coupling block as found in the present study.
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